Abstract Accumulating data have revealed that abnormal activity of the mTOR (mammalian target of rapamycin) pathway plays an important role in epileptogenesis triggered by various factors. We previously reported that pretreatment with perifosine, an inhibitor of Akt (also called protein kinase B), abolishes the rapamycin-induced paradoxical increase of S6 phosphorylation in a rat model induced by kainic acid (KA). Since Akt is an upstream target in the mTOR signaling pathway, we set out to determine whether perifosine has a preventive effect on epileptogenesis. Here, we explored the effect of perifosine on the model of temporal epilepsy induced by KA in rats and found that pretreatment with perifosine had no effect on the severity or duration of the KA-induced status epilepticus. However, perifosine almost completely inhibited the activation of p-Akt and p-S6 both acutely and chronically following the KA-induced status epilepticus. Perifosine pretreatment suppressed the KA-induced neuronal death and mossy fiber sprouting. The frequency of spontaneous seizures was markedly decreased in rats pretreated with perifosine. Accordingly, rats pretreated with perifosine showed mild impairment in cognitive functions. Collectively, this study provides novel evidence in a KA seizure model that perifosine may be a potential drug for use in anti-epileptogenic therapy.
Introduction
Epilepsy is a chronic brain disorder characterized by recurrent seizures caused by abnormal neuronal activity; it has an incidence of 5-10 per 1000 people [1, 2] . Patients with epilepsy display a wide range of devastating medical, social, and economic disadvantages, which result in a significant burden to both patients and family [3, 4] . Although substantial progress has been made in the development of anti-epileptic drugs and understanding their underlying mechanisms, new anti-epilepsy approaches are still required.
The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that controls protein synthesis related to cell growth and proliferation. The Akt (protein kinase B)-mTOR signaling pathway plays a significant role in the regulation of various neuronal functions, including synaptic plasticity, neurogenesis, and dendritic and axonal morphology [5, 6] . Accumulating data have revealed that abnormal activity of the mTOR pathway is involved in epileptogenesis since our first report in animal models of tuberous sclerosis complex (TSC) and kainic acid (KA) [7, 8] . Several mTOR inhibitors have provided a useful option for treating seizures in patients with TSC in clinical practice [9] [10] [11] . Among them, rapamycin, an FDA-approved mTOR inhibitor used clinically as an anticancer agent, has demonstrated anti-epileptogenic effects in various animal models such as the genetic disease TSC and acquired epilepsy [12, 13] .
However, paradoxically, we have found that rapamycin exacerbates seizures during short-term administration, Feng Zhu and Jiejing Kai have contributed equally to this work.
whereas the Akt inhibitor perifosine abolishes the rapamycin-induced increase of phosphorylation of S6 (Ser240/ 244) in the rat model induced by KA [14] . Perifosine is a novel Akt inhibitor administered orally as an anticancer drug in phase III clinical trials [15] . In addition to Akt inhibition, perifosine has been shown to inhibit other major components including mTOR, raptor, rictor, p70S6K, and 4E-BP-1 in the mTOR signaling pathway by promoting their degradation [16] . Based on these reports, we hypothesized that perifosine may have an effect similar to rapamycin in preventing epileptogenesis without causing paradoxical results. Thus, in the present study, we explored the effect of perifosine on the inhibition of mTOR signaling, neuronal cell death, mossy fiber sprouting, spontaneous seizures, and cognitive function in a model of temporal epilepsy induced by KA in rats.
Materials and Methods

Animals and Drug Treatment
Male Sprague-Dawley rats 5 weeks-6 weeks of age were purchased from Shanghai Slac Laboratory Animal Corporation (certificate: SCXK 2012-0002) and housed in a controlled environment with ad libitum access to food and water. All animal experiments were performed in accordance with the guidelines approved by the Animal Studies Committee at Zhejiang University School of Medicine (Permit number: ZJU2015-489-02). Perifosine (supplied by Keryx Biopharmaceuticals Inc, Boston, MA) was dissolved in saline and stored at -20°C. Two different perifosine treatment paradigms were used.
Based on our previous studies on the effects of perifosine on phospho-S6 expression, rats were treated with perifosine (20 mg/kg, i.p.) or saline for 3 consecutive days prior to KA treatment. On day 4, both groups were injected with KA (12 mg/kg, i.p.; Nanocs, New York, NY) to induce acute status epilepticus. Seizure activity was monitored behaviorally and graded according to a previous report [12] by two trained investigators blinded to the experimental groups: stage 1, behavioral arrest with mouth/facial movements; stage 2, head nodding; stage 3, forelimb clonus; stage 4, rearing; stage 5, rearing and falling. The latency from KA injection to the onset of the first seizure, the total seizure duration, and the maximal stage severity were measured. Seizure scores were based on the stage of the most severe seizure recorded for each rat. Calculation of seizure duration was started once the rat exhibited seizure stage 4, and ended when it moved freely around the cage. Rats that had stage 4 or 5 seizures were used for subsequent experiments. Some rats were used for video-EEG to correlate behavioral and EEG seizure activity during KA-induced acute status epilepticus. All animals were monitored for the development of spontaneous seizures (see below for video-EEG recording methods). An additional group of saline-treated rats that did not receive KA was used as the control. For Western blotting analysis and histology, 6 rats were used in each group. For video-EEG recording and Y-maze testing, 10 rats were used in each group.
Western Blot Analysis
Rats were sacrificed at various time points (1 h, 3 h, 6 h, 1 day, 3 days, 1 week, and 3 weeks) following the onset of status epilepticus. Western blotting was performed as described previously [17] . In brief, proteins separated by SDS-PAGE were transferred to nitrocellulose membranes, which were incubated with the rabbit anti-phospho-Akt or phospho-S6 antibody (1:1000, Cell Signaling, Beverly, MA) followed by peroxidase-conjugated secondary antibody. After the signals were visualized with ECL reagent (Pierce, Rockford, IL), the membranes were re-probed and incubated with rabbit anti-Akt and anti-S6 antibody (1:1000, Cell Signaling). Signals were analyzed with ImageJ software and the ratios of phospho-Akt/Akt and phospho-S6K/S6 were normalized to the control group.
Fluoro-Jade B (FJB) Staining
Neuronal death was analyzed by FJB staining 7 days after KA-induced status epilepticus. Rats were transcardially perfused with PBS followed by 4% paraformaldehyde. The brain was removed, post-fixed with 4% paraformaldehyde overnight at 4°C, and then dehydrated in 30% sucrose for at least 24 h. The brains were sectioned coronally at 20 lm on a microtome. Three sections selected from a one-in-six series were collected from each animal at the same level of the hippocampus. After rehydration in 100% ethanol for 5 min, 70% ethanol for 2 min, and distilled water for 2 min, the sections were oxidized in 0.06% potassium permanganate solution for 10 min followed by 0.0004% FJB for 20 min in the dark. Thereafter, the sections were washed, air dried, cleared, and cover-slipped. Images were acquired with a confocal microscope (Olympus ix2-UCB, Shinjuku, Tokyo, Japan). The numbers of FJB-positive cells per image field in hippocampal CA1, CA3, and hilus were counted in each of the three sections per animal by an examiner blind to the experiment.
Video-EEG Recording
Another cohort of rats was used for video-EEG recording from 1 to 6 weeks after KA-induced status epilepticus. Rats were implanted with 4 epidural electrodes using a stereotaxic frame. Bilateral anterior and posterior epidural cortical screw electrodes (-1.60 mm bregma, 1.80 mm lateral and -4.0 mm bregma, 3.0 mm lateral), reference (?2.0 mm bregma, 1.0 mm lateral) and ground (-10 mm bregma, 1.0 mm lateral) were inserted into the skull and secured with dental cement. Twenty-four hours after surgery, rats were acclimated in cylindrical 10-inch diameter acrylic cages for at least 1 day before monitoring with a digital video-EEG acquisition system (V-Amp 16, Brain Products GmbH, Gilching, Germany). Rats were monitored continuously for 2 days each week, and EEG data were analyzed off-line by two independent trained observers.
Y-Maze Test
After 6 weeks of EEG recording, rats were tested in a Y-maze that was 50 cm long and 16 cm wide with walls 14 cm high and a copper shock grid on the bottom of the maze. A signal lamp was placed at the end of each arm. The arm with the light on (bright arm) indicated a safe area without shock. The safe and unsafe arms were set randomly. A correct response was recorded when the rat directly ran to the bright arm without hesitating after changing the safe and unsafe arms. The rats were trained 20 times per day for 4 consecutive days. On day 5, the rats were tested 20 times and the percentage of correct choices and the latency to the safe area were recorded. All tests were carried out in a small, dark, and quiet room.
Timm Staining
After the Y-maze test, the rats were perfused for histological analysis of mossy fiber sprouting using Timm staining. Rats were transcardially perfused with 1% sodium sulfide solution. After coronal serial sections were cut, they were incubated in a solution containing 120 mL of 50% gum arabic, 20 mL of 2 mol/L citrate buffer, 60 mL of 0.5 mol/L hydroquinone, and 1 mL of 19% silver nitrate for *120 min until the molecular layer was clearly stained. Mossy fiber sprouting was assessed under a Nikon light microscope (Tokyo, Japan). The degree of mossy fiber sprouting was rated using semi-quantitative analysis [18] as follows: (1) sparse Timm granules in the supragranular zone; (2) more numerous granules in a continuous distribution; (3) prominent granules and patches; (4) a dense laminar band in the supragranular layer; and (5) a dense laminar band extending to the inner molecular layer.
Statistical Analysis
Data are presented as mean ± SEM. Differences among experimental groups were analyzed by one-way ANOVA with the Student-Newman-Keuls-Q test for post-hoc multiple comparisons (SPSS ver. 16.0, SPSS Inc., Chicago, IL). In some cases, two-way ANOVA with a post hoc multiple-comparisons test was used to analyze differences at each time point among different groups. P \ 0.05 was considered significant.
Results
Perifosine Inhibits the Activation of p-Akt and p-S6 Both Acutely and Chronically Following KA-Induced Status Epilepticus
We previously reported that perifosine administration markedly decreases p-Akt from 10 min to 24 h, and subsequently, decreases p-S6 from 1 h to 24 h in normal rats. In this study, we performed a series of pilot experiments to test various doses and durations of perifosine treatment to block seizure-induced activation of the mTOR pathway. Pretreatment with perifosine had no effect on KA-induced status epilepticus, including seizure latency, severity, and duration (data not shown), indicating that perifosine has no anti-seizure effect in this rat model of acute seizures. Furthermore, no significant difference was noted in the percentage of rats that developed seizure stage 4 after KA administration (85.9% for vehicle versus 87.4% for perifosine-pretreatment). We found that pretreatment with perifosine at 20 mg/kg (i.p.) per day for 3 consecutive days prior to KA injection effectively blocked the KAinduced over-activation of the mTOR pathway, as reflected by Akt and S6 phosphorylation 1 h after seizure onset (Fig. 1) . To assess its effectiveness at other time points, we also analyzed Akt and S6 phosphorylation at 3 h, 3 days, 1 week, and 3 weeks after KA-induced status epilepticus. Pretreatment with perifosine markedly decreased the KAinduced over-activation of Akt and S6 at all time points (Fig. 2) , suggesting that such treatment blocks the overactivation of the mTOR signaling pathway induced by KA seizures.
Perifosine Pretreatment Suppresses KA SeizureInduced Neuronal Death
We next determined whether perifosine prevents the activation of cellular/molecular mechanisms implicated in the process of chronic epileptogenesis in the KA model, such as neuronal death and mossy fiber sprouting. FJB staining was performed to detect neuronal apoptosis 7 days after KA-induced status epilepticus. Parallel to our previous report, all vehicle-pretreated rats demonstrated robust neuronal cell death after KA-induced status epilepticus in hippocampal CA1 (44.7 ± 4.1 positive cells/mm 3 ), CA3
(52.8 ± 7.2), and the hilus (39.8 ± 3.8) as assessed by FJB staining. In the group pretreated with perifosine, the numbers of FJB-positive neurons were markedly decreased in CA1 (23.6 ± 3.7), CA3 (25.8 ± 2.78), and the hilus (18.6 ± 2.2) (Fig. 3) . These findings revealed that perifosine has a potential neuroprotective effect against KAinduced seizures.
Perifosine Prominently Alleviates KA SeizureInduced Mossy Fiber Sprouting
The Timm scores were also evaluated in different groups in CA3 and the dentate gyrus (DG). At 7 weeks after status epilepticus, most of the rats in the vehicle-pretreated group exhibited robust mossy fiber sprouting with a Timm score of 2.9 ± 0.63 in the DG, but only mild sprouting was detected in the perifosine-pretreated group with a Timm score of 1.3 ± 0.42. Similar results were found in CA3. No sprouting was evident in the control group (Fig. 4) .
Perifosine Pretreatment Decreases the Frequency of Spontaneous Seizures and the Impairment of Cognitive Function
Rats pretreated with vehicle or perifosine were monitored for spontaneous seizures from week 1 to week 6 after KAinduced status epilepticus. A representative ictal seizure is shown in Fig. 5A . All the vehicle-treated rats developed spontaneous seizures, with an average of 1.5 ± 0.3 seizures/24 h in week 1 and 3.8 ± 0.5 in week 6. In contrast, the perifosine-pretreated rats had a low frequency of 0.5 ± 0.1 seizures/24 h from week 1 to week 6 (F = 3.124, P \ 0.05, Fig. 5B ). There was no evident There was a significant decrease of the p-Akt/Akt ratio compared to rats without perifosine pretreatment. C Quantitative analysis showing that phosphorylation of S6 was increased from 3 h to 3 weeks after the onset of KA-induced seizures. There was a significant decrease of the p-S6t/S6 ratio compared to rats without perifosine pretreatment. *P \ 0.05, vs Veh ? NS group, # P \ 0.05 vs Veh ? KA group, n = 6 rats/group. difference in seizure duration and severity between the two groups (data not shown).
Since repeated seizures usually result in impairment of cognitive function, we also investigated whether perifosine had any effect on the KA seizure-induced cognitive impairment (Fig. 6) . Seizures resulted in an increased latency to the safe area of the Y maze and a decrease in the percentage of correct choices, indicating cognitive impairment. Rats pretreated with perifosine exhibited a shorter latency to the safe area (3.7 ± 0.56 s versus 4.9 ± 0.48 s, P \ 0.05, F = 2.438, n = 10/group) and an increased percentage of correct choices (91.4% ± 1.4% versus 81.6% ± 2.1%, P \ 0.05, F = 3.877, n = 10/group) compared to vehicle-treated rats, indicating that perifosine protects against seizureinduced cognitive impairment. , 100 lm) . B Quantitative analysis showing a decrease in FJB-positive neurons in the perifosine-pretreated rats (*P \ 0.05, vs Veh ? NS group, # P \ 0.05 vs Veh ? KA group, n = 6/group). , 100 lm) . G Quantitative analysis showing mild mossy fiber sprouting in perifosine-pretreated rats (*P \ 0.05, vs Veh ? NS group, # P\0.05 vs Veh ? KA group, n = 6/group).
Discussion
The present study is the first to investigate the effect and mechanism of action of perifosine on seizures in the KA rat model. Here, we revealed that perifosine effectively blocked seizure-induced over-activation of the mTOR signaling pathway. In addition, it suppressed the development of spontaneous seizures via inhibiting neuronal cell death and mossy fiber sprouting, which subsequently decreased the cognitive impairment.
Since we first reported a relationship between mTOR pathway activation and epilepsy in a mouse model of TSC [17] , this pathway has also been implicated in several animal models of seizures [19] [20] [21] . mTOR inhibitors have been clinically evaluated in both genetic and acquired epilepsy syndromes [8, 22, 23] , and the systemic administration of rapamycin has been shown to prevent epileptogenesis [24] [25] [26] . In addition to mossy fiber sprouting, neuronal death and neurogenesis may contribute to epileptogenesis and can be reversed by rapamycin under certain conditions, but this remains controversial [19, [27] [28] [29] . Decreased dendritic density and complexity have also been noted in seizure-free animals treated with rapamycin [30] . Other studies have raised concern about the chronic sideeffects of rapamycin, as its effect in preventing epilepsy appears to be dependent on its long-term administration, starting at a very early age in genetic epilepsy [31] . We have previously reported paradoxical exacerbation of increased mTOR pathway activity reflected by S6 phosphorylation when rapamycin is administered shortly before KA injection. Since the mTOR pathway has complicated positive and negative feedback, the inhibitory effect of rapamycin on this pathway may be overcompensated. Fortunately, we have shown that perifosine can abolish the Fig. 5 Perifosine pretreatment reduces seizure frequency in KAinduced epilepsy. Seizures started to develop within one week after KA administration and became more frequent in vehicle-pretreated rats, whereas only rare seizures occurred in perifosine-pretreated rats. A Representative electrographic seizure was shown. B Statistics for the number of spontaneous seizures per day in vehicle-and perifosine-pretreated rats following status epilepticus. *P \ 0.05, two-way ANOVA (n = 10 rats per time point in each group). paradoxical increase of S6 phosphorylation [14] . Together with the present study, our results provide novel evidence that perifosine is most likely better than rapamycin in inhibiting overactivation of the mTOR pathway and subsequent epileptogenesis.
Perifosine is an orally bioavailable alkylphospholipid that inhibits the mTOR pathway and exhibits antitumor activity in various tumors, such as neuroblastoma, neuroendocrine tumors, and T-cell acute lymphoblastic leukemia [32] [33] [34] . Perifosine inhibits Akt activity mainly by interfering with the pleckstrin homology domain of Akt, thus preventing its membrane localization and phosphorylation [35] . However, the effect of perifosine on epilepsy has not been investigated. In the present study, perifosine showed a clear inhibitory effect on the mTOR pathway over several weeks in a rat model of epilepsy induced by KA. Upstream of Akt-mTOR signaling, Akt-induced activation of the mTOR pathway enables mRNA translation through the activation of P70S6 kinase and then the activation of S6. Thus, besides inhibition of Akt activity, perifosine pretreatment successfully blocked the overactivation of S6 over several weeks after KA-induced status epilepticus. The link between Akt and its down-regulated mTOR signaling means it was not surprising to find a reduction of mossy fiber sprouting and neuronal death in the perifosine pretreatment groups, finally resulting in fewer spontaneous seizures. Furthermore, cognitive impairment was also reversed by perifosine pretreatment. Since perifosine pretreatment had no effect on the parameters of the KA-induced acute seizures, the effect of perifosine on cognitive function most likely results from its inhibition of spontaneous seizures.
Even though many studies have provided convincing evidence that perifosine is an Akt inhibitor, its precise antiepileptogenic actions are unclear. Recent studies have revealed that perifosine may inhibit the assembly of both the mTOR/raptor and mTOR/rictor complexes [16] , which differs from the inhibition of mTOR signaling by classical mTOR inhibitors such as rapamycin. However, the multiple interactions and feedback loops certainly add a layer of complexity to the biology of these pathways [36] [37] [38] . Our results did not show compensatory over-activation of S6 after perifosine pretreatment, which is different from rapamycin. Thus, it is reasonable to suggest that inhibiting the over-activation of upstream signaling of mTOR is important for anti-epileptogenic strategies.
In conclusion, administration of perifosine is a novel therapeutic approach to the prevention of epilepsy. It suppresses epileptogenesis and avoids the paradoxical activation reaction induced by rapamycin. Additional research in this direction is essential, including optimization of the critical time interval and dosage.
